Introduction {#sec1-0300060520919592}
============

Acute lung injury (ALI) is a diffuse lung injury caused by a variety of factors.^[@bibr1-0300060520919592],[@bibr2-0300060520919592]^ ALI mainly is caused by lung infection, sepsis, and foreign body inhalation,^[@bibr3-0300060520919592]^ with clinical manifestations of progressive hypoxia and dyspnea.^[@bibr4-0300060520919592],[@bibr5-0300060520919592]^ The pathogenesis of ALI has not yet been fully determined, but release of lipopolysaccharide (LPS) from bacterial infection is thought to be the main cause.^[@bibr6-0300060520919592],[@bibr7-0300060520919592]^ ALI is associated with inflammatory cell infiltration of lung tissues, an impaired alveolar--capillary membrane, and increased permeability of the microvasculature, leading to exudative pulmonary edema,^[@bibr8-0300060520919592],[@bibr9-0300060520919592]^ and ultimately causing dysfunction of lung ventilation. Alveolar--capillary membrane injury is the main cause of ALI.^[@bibr10-0300060520919592],[@bibr11-0300060520919592]^

The extracellular matrix (ECM) is the main structural component of the alveolar--capillary membrane.^[@bibr12-0300060520919592],[@bibr13-0300060520919592]^ Previous studies have shown that matrix metalloproteinases (MMPs) and tissue inhibitors of matrix metalloproteinases (TIMPs) are the most important enzyme systems involved in metabolism of the ECM.^[@bibr14-0300060520919592],[@bibr15-0300060520919592]^ Under normal circumstances, if the lung MMP/TIMP ratio is balanced, synthesis and degradation of the ECM are in a state of dynamic equilibrium.^[@bibr16-0300060520919592]^ Therefore, balance of the MMP/TIMP ratio might be important for lung tissue injury and repair. However, little is known about this possible situation.

In this study, we examined changes in MMP9, MMP2, and their inhibitors TIMP1 and TIMP2 in rats with LPS-induced ALI. We aimed to understand the relationship between ALI and changes in lung MMP/TIMP ratios.

Materials and methods {#sec2-0300060520919592}
=====================

Reagents {#sec3-0300060520919592}
--------

The cDNA synthesis kit (cat. no. KR116-02) was purchased from Tiangen Biotech Co., Ltd. (Beijing, China). Goat anti-rat MMP2 (cat. no. AF1488-SP), TIMP1 (cat. no. AF580-SP), and mouse anti-rat β-actin antibodies (cat. no. MAB8929-SP) were purchased from R&D Biotech Co., Ltd. (San Diego, CA, USA). Mouse anti-rat MMP9 (cat. no. NBP2-13173SS) and TIMP2 antibodies (cat. no. NBP1-42375) were purchased from Novus Biologicals Inc. (Littleton, CO, USA). Goat anti-mouse secondary antibody (cat. no. BA1050) and rabbit anti-goat secondary antibody (cat. no. BA1060) were obtained from Boster Biological Technology Co., Ltd. (Wuhan, China).

Animals {#sec4-0300060520919592}
-------

Specific pathogen-free male Wistar rats were purchased from Charles River Experimental Animal Co., Ltd. (Beijing, China) and raised in the Xiamen University Laboratory Animal Center (license number: SYXK \[Min\] 2018-0010). The rats were housed 1 week before the start of experiment under standard laboratory conditions at a temperature of 22 ± 2 °C, humidity of 50% ± 10%, and a 12/12-hour light/dark cycle with food and water ad libitum.^[@bibr17-0300060520919592]^ The research followed internationally recognized guidelines on animal welfare, as well as local and national regulations.

ALI modeling and grouping {#sec5-0300060520919592}
-------------------------

Forty-eight 2-month-old male Wistar rats (180 ± 200 g) were randomly divided into the normal control (NC) and ALI groups. The ALI model was prepared by intravenous injection of 5 mg/kg LPS (*Escherichia coli* 055: B5, cat. no. L2880; Sigma-Aldrich, St. Louis, MO, USA).^[@bibr18-0300060520919592],[@bibr19-0300060520919592]^ The NC group was injected with the same amount of saline. The two groups were further divided into subgroups of 2, 6, 12, and 24 hours with six rats for each time point. The rats were anesthetized via intraperitoneal injection with 2.25% pentobarbital sodium (45 mg/kg, WS20060401; Sinopharm Chemical Reagent Co., Ltd., Beijing, China).^[@bibr20-0300060520919592]^ Blood, lung tissue, and bronchoalveolar lavage fluid (BALF) specimens were collected at each designated time point. All animal procedures were carried out at the Xiamen University Laboratory Animal Center and approved by the Ethics Committee of the First Affiliated Hospital of Xiamen University.

Detection of serum tumor necrosis factor alpha and interleukin-6 using ELISA {#sec6-0300060520919592}
----------------------------------------------------------------------------

The rats were anesthetized followed by collection of 3 mL of blood from the abdominal aorta. After centrifuging the blood samples at 3500 × g for 10 minutes, the supernatant was collected. Tumor necrosis factor alpha (TNF-α) (Quantikine ELISA kit, cat. no. RTA00; R&D Biotech Co., Ltd.) and interleukin (IL)-6 (cat. no. RK00020; ABclonal, Inc., Boston, MA, USA) levels were measured according to ELISA procedures as described by the manufacturers to investigate the inflammatory reaction in rats.

Hematoxylin--eosin staining {#sec7-0300060520919592}
---------------------------

Small pieces of upper left lung tissue were fixed in 4% formaldehyde for 24 hours, followed by conventional paraffin embedding and tissue sectioning at 5-μm thickness.^[@bibr21-0300060520919592]^ The tissue sections were stained with hematoxylin--eosin (ZhuHai Besso Biotechnology Co., Ltd., ZhuHai, China). Morphological changes in lung tissue were observed under a light microscope to observe the degree of lung injury.

Lung wet/dry weight ratio {#sec8-0300060520919592}
-------------------------

Surfaces of small pieces of lower left lung tissue were dried using paper towels and then the tissues were immediately weighed to record the wet weight. The lung tissues were then placed in an incubator at 60°C for 72  hours to obtain the dry weight, and the weight was recorded as the dry weight. The wet and dry weights were used to calculate the wet/dry weight (W/D) ratio of the lungs to determine the severity of edema of lung tissue.^[@bibr22-0300060520919592]^

Detection of the pulmonary permeability index {#sec9-0300060520919592}
---------------------------------------------

Detection of protein was achieved by a bicinchoninic acid protein quantitative kit (cat. no. PP0101; Tiangen Biotech Co., Ltd.). The absorbance was measured at 562 nm in wavelength with a multi-function microplate reader (Modulus photometer, Turner Biosystems Inc., Sunnyvale, CA, USA) and a protein standard curve was drawn. Bronchoalveolar lavage was performed three times using 1 mL of phosphate-buffered saline per lavage and 90% recovery. The protein content of BALF and plasma were calculated according to the absorbance values. To determine the extent of the lung injury, the pulmonary permeability index (PPI) was calculated using the following equation: PPI = BALF protein content/plasma protein content.^[@bibr23-0300060520919592]^

Measurement of MMP and TIMP mRNA expression levels {#sec10-0300060520919592}
--------------------------------------------------

Approximately 50 mg of right middle lobe lung tissue was used for total RNA extraction (cat. no. LS1040; Promega, Madison, WA, USA) using TRIzol (cat. no. DP405-02; Tiangen Biotech Co.). After analyzing the total RNA concentration and purity, β-actin was used as an internal control for real-time quantitative polymerase chain reaction (\[qPCR\] cat. no. A6002; Promega). PCR primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The forward and reverse primer sequences for MMP2, MMP9, TIMP1, TIMP2, and β-actin are shown in [Table 1](#table1-0300060520919592){ref-type="table"}. The qPCR conditions were preliminary denaturation at 95°C for 2 minutes, followed by 40 cycles of denaturation at 95°C for 15 seconds, annealing at 58°C for 34 seconds, and elongation at 72°C for 1 minute, followed by a final elongation step at 72°C for 5 minutes. This was performed on a CFX96 Touch Real-Time PCR Detection System (BioRad, Hercules, CA, USA). PCR products were separated on 1% agarose gels and visualized using ethidium bromide staining and ultraviolet light to verify the product sizes. Glyceraldehyde 3-phosphate dehydrogenase was used as the loading control for normalization of the data. Data from qPCR were analyzed using the 2^--ΔΔCt^ method.^[@bibr24-0300060520919592]^

###### 

Primer sequences for real-time quantitative polymerase chain reaction analyses.

![](10.1177_0300060520919592-table1)

  Gene      Forward primer         Reverse primer
  --------- ---------------------- ----------------------
  MMP2      ACCGAGGATTATGACCGGGA   GCTGGTGCAGCTCTCATACT
  MMP9      TCGGATGGTTATCGCTGGTG   AAGACGCACATCTCTCCTGC
  TIMP1     ACAGCTTTCTGCAACTCGGA   CGGAAACCTGTGGCATTTCC
  TIMP2     CGAGAAGGAGGTGGATTCCG   CCGCCTTCCCTGCAATTAGA
  β-actin   TGTCACCAACTGGGACGATA   GGGGTGTTGAAGGTCTCAAA

MMP2, matrix metalloproteinase 2; MMP9, matrix metalloproteinase 9; TIMP1, tissue inhibitor of metalloproteinase 1; TIMP2, tissue inhibitor of metalloproteinase 2.

MMP and TIMP protein expression levels {#sec11-0300060520919592}
--------------------------------------

Approximately 50 mg of lower right lung tissue samples were collected from the different groups of rats, followed by washing, homogenization, and lysing. After conventional protein extraction from lung tissue, total protein concentrations were measured. A total of 30 μg of total protein was then added to a one third volume of 4× sodium dodecyl sulfate-polyacrylamide gel electrophoresis sample buffer (cat. no. 30166428; Sinopharm Chemical Reagent Co., Ltd.), the protein sample was boiled for 10 minutes, and the protein was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. After transferring the separated proteins onto a polyvinylidene fluoride membrane (cat. no. IPVH00010; Emd Millipore BioTechniques Co., Ltd., Billerica, MA, USA), the protein blots were prepared according to conventional procedures of western blot analysis. After developing the protein blots in electrochemiluminescence reagent (cat. no. K-12043-D10; Advansta Inc., Menlo Park, CA, USA), the absorbance values of protein bands were scanned by a gel imaging system (LI-COR, Lincoln, NE, USA) to calculate the relative protein expression levels of MMPs and TIMPs according to the ratios of MMP and TIMP absorbance to β-actin absorbance.

Statistical analyses {#sec12-0300060520919592}
--------------------

SPSS version 21.0 software (IBM Corp., Armonk, NY, USA) was used for statistical analysis. Each measurement was presented as the mean ± standard deviation. The independent sample t-test was used for comparison between groups. One-way ANOVA was used for comparison within groups. Pearson's correlation analysis was used for the relevant trend variables. *P* \< 0.05 was considered statistically significant.

Results {#sec13-0300060520919592}
=======

Changes in the serum inflammatory factors TNF-α and IL-6 {#sec14-0300060520919592}
--------------------------------------------------------

Serum TNF-α and IL-6 levels were significantly higher at 2 hours in the ALI group compared with the NC group (both *P* \< 0.05), peaked at 12 hours (both *P* \< 0.05), and partially recovered at 24 hours ([Figure 1](#fig1-0300060520919592){ref-type="fig"}).

![Changes in TNF-α and IL-6 levels in response to the degree of inflammatory reaction after LPS injection. (a) Changes in TNF-α levels; (b) changes in IL-6 levels. LPS 2h, 6h, 12h, and 24h indicate 2, 6, 12, and 24 hours after LPS injection in the acute lung injury group, respectively. Data are shown as mean ± standard deviation (n = 6 per group). \**P* \< 0.05 vs. control, ^\#^*P* \< 0.05 vs. LPS 2h. Control, normal control group; TNF-α, tumor necrosis factor alpha; IL-6, interleukin-6; LPS, lipopolysaccharide.](10.1177_0300060520919592-fig1){#fig1-0300060520919592}

Changes in indicators related to ALI {#sec15-0300060520919592}
------------------------------------

The lung W/D ratio and PPI in the ALI group were significantly higher than those in the NC group at all time points (all *P* \< 0.05), with a peak at 12 hours ([Figure 2](#fig2-0300060520919592){ref-type="fig"}).

![Lung W/D ratio and changes in permeability in each group. W/D ratio and permeability reflect changes in pulmonary edema and the degree of lung injury, respectively. (a) Changes in the W/D ratio; (b) changes in the lung permeability index. LPS 2h, 6h, 12h, and 24h indicate 2, 6, 12, and 24 hours after LPS injection in the acute lung injury group, respectively. Data are shown as mean ± standard deviation (n = 6 per group). \**P* \< 0.05 vs. control, ^\#^*P* \< 0.05 vs. LPS 2h. LPS, lipopolysaccharide.](10.1177_0300060520919592-fig2){#fig2-0300060520919592}

Hematoxylin--eosin staining of lung tissue showed alveolar and interstitial edema, inflammatory cell infiltration, and spotted hemorrhages on the surface of lung tissue at 2 hours after LPS injection. These phenomena were more obvious at 6 and 12 hours and were improved at 24 hours. However, bronchial, alveolar, and vascular structures in the NC group were normal ([Figure 3](#fig3-0300060520919592){ref-type="fig"}).

![Morphological changes in lung tissue sections stained with hematoxylin--eosin among the groups (200× magnification). (a) Normal control group; (b--e) 2, 6, 12, and 24 hours after LPS injection groups. LPS, lipopolysaccharide.](10.1177_0300060520919592-fig3){#fig3-0300060520919592}

Changes in lung MMP and TIMP mRNA and protein expression {#sec16-0300060520919592}
--------------------------------------------------------

Western blotting and qPCR showed that MMP2 and MMP9 mRNA and protein expression gradually increased over time following LPS injection, mostly peaked at 12 hours, and recovered at 24 hours. TIMP1 and TIMP2 expression in the ALI group was significantly higher (all *P* \< 0.05) than that in the NC group at all time points, except at 2 hours for TIMP1. MMP9/TIMP1 and MMP2/TIMP2 ratios were significantly higher at each time point in the ALI group (except for at 2 hours for the MMP2/TIMP2 ratio) compared with the NC group, and peaked at 12 hours (all *P* \< 0.05) ([Figure 4](#fig4-0300060520919592){ref-type="fig"}).

![Lung MMP and TIMP mRNA and protein expression. Changes in MMP2 (a), TIMP2 (b), MMP2/TIMP2 (c), MMP9 (d), TIMP1 (e), and MMP9/TIMP1 (f) in all groups treated with or without LPS. (g) Protein expression in each group as detected by western blotting. LPS 2h, 6h, 12h, and 24h indicate 2, 6, 12, and 24 hours after LPS injection in the acute lung injury group, respectively. Data are shown as mean ± standard deviation (n = 6 per group). \**P* \< 0.05 vs. control, ^\#^*P* \< 0.05 vs. LPS 2h. Control, normal control group; MMP, matrix metalloproteinase; TIMP, tissue inhibitor of metalloproteinase; LPS, lipopolysaccharide](10.1177_0300060520919592-fig4){#fig4-0300060520919592}

Discussion {#sec17-0300060520919592}
==========

ALI is a relatively common critical illness in children, with a high mortality rate, and survivors often experience lung structural disorders and dysfunction.^[@bibr25-0300060520919592]^ The pathogenesis of ALI has not been fully determined. When Gram-negative bacteria infect the body, they release LPS to induce the release of inflammatory cytokines, such as TNF-α and IL-6.^[@bibr26-0300060520919592],[@bibr27-0300060520919592]^ This causes accumulation of neutrophils in lung tissue, destruction of alveolar epithelial structure, damage to the ECM, and exudative pulmonary edema.^[@bibr28-0300060520919592],[@bibr29-0300060520919592]^

In the current study, the rats developed irritability and cyanosis 2 hours after LPS injection, and serum TNF-α and IL-6 levels were significantly higher compared with NC rats. Additionally, these rats had swollen alveolar epithelial cells, interstitial edema, and a significantly higher lung W/D ratio and PPI compared with the NC group. These findings suggested that injection of LPS resulted in ALI in rats and inflammatory edema in the alveoli. The lung injury gradually became aggravated over time, and peaked at 12 hours after LPS injection. After this time, with a decrease in serum inflammatory cytokines, the indices of lung injury were gradually reduced.

The lung ECM is the main component of the alveolar--capillary membrane and is a dynamic network of macromolecules, such as collagen, proteoglycans, and glycoproteins. The ECM not only exerts mechanical support and connection between cells, but also serves as a bridge between cells. The ECM plays an important role in maintaining normal tissue structure and function, as well as cell growth and differentiation.^[@bibr16-0300060520919592],[@bibr30-0300060520919592],[@bibr31-0300060520919592]^ Previous studies have shown that ECM metabolic disorders are involved in the pathophysiological process of ALI and chronic lung injury.^[@bibr32-0300060520919592],[@bibr33-0300060520919592]^

MMPs are a class of proteolytic enzymes that rely on metal ions, such as zinc and calcium ions. MMPs use ECM components as a hydrolysis substrate to maintain pathophysiological processes, such as normal transformation of ECM, cell migration and proliferation, tissue remodeling and repair, and the inflammatory response.^[@bibr34-0300060520919592],[@bibr35-0300060520919592]^ To date, more than 20 members of the MMP family have been discovered, and among them, MMP2 and MMP9 can degrade the main structural components of the basement membrane, such as type IV collagen. MMPs play an important role in degradation and remodeling of the alveolar--capillary membrane and maintenance of the integrity of the basement membrane.^[@bibr36-0300060520919592],[@bibr37-0300060520919592]^

Among the TIMPs, TIMP1 is an MMP9-specific tissue inhibitor, and TIMP2 is an MMP2-specific tissue inhibitor.^[@bibr38-0300060520919592]^ The cysteine residues in the N-terminal domain of TIMPs bind to the zinc ion active center of MMPs to form MMP--TIMP complexes in a 1: 1 ratio. This process blocks binding of MMPs to ECM substrates, effectively inhibiting the activity of MMPs, and participates in regulation of synthesis and degradation of the ECM.^[@bibr39-0300060520919592]^

Under normal circumstances, the proportion of MMPs/TIMPs in the lung and synthesis and degradation of the ECM are in a state of dynamic equilibrium. Once this balance is disturbed, it may cause an increase in degradation of the ECM, which leads to destruction of normal tissue structure and aggravation of lung injury. Conversely, if degradation of the ECM is reduced, ECM that is accumulated in the stroma may lead to fibrosis of lung tissue.^[@bibr40-0300060520919592]^

Our study showed that the LPS-induced ALI in rats gradually increased mRNA and protein expression of MMP2 and MMP9 with time. This increase peaked at 12 hours and recovered at 24 hours, and caused damage of the ECM in the alveolar--capillary membrane. Additionally, the corresponding tissue inhibitors, TIMP1 and TIMP2, were increased to varying degrees, which suggested that the body also underwent limited tissue repair. Our study also showed that changes in the ratios of MMP9/TIMP1 and MMP2/TIMP2 were consistent with and strongly positively associated with the lung W/D ratio, PPI, and TNF-α and IL-6 levels in the ALI group. These results indicated that LPS caused ALI through upregulation of MMP/TIMP ratios, increased permeability of the alveolar--capillary membrane, and induced inflammatory edema in the alveoli. Therefore, our model represented clinical manifestations of progressive hypoxemia and respiratory distress.

In summary, the imbalance between MMPs and TIMPs leads to an imbalance of ECM metabolism, which in turn affects development and progression of lung injury. Inhibition of MMP2 and MMP9 activity may reduce degradation of the ECM and alleviate lung injury, which could be a new direction for treating ALI. Development of MMP inhibitors with high selectivity and high bioavailability according to their mechanism may provide an important research direction and may also become a new entry point for preventing ALI and treatment strategies for ALI.
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